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R. W. McCallum,* K. W. Dennis, D. C. Jiles, J. E. Snyder, and Y. H. Chen
Ames Laboratory, Iowa State University, Ames, Iowa 50011, USA
~Submitted January 24, 2001!
Fiz. Nizk. Temp. 27, 364–374 ~April 2001!
In this paper we present the development of a composite magnetostrictive material for
automotive applications. The material is based on cobalt ferrite, CoOFe2O3, and contains a
small fraction of metallic matrix phase that serves both as a liquid-phase sintering aid during
processing and enhances the mechanical properties over those of a simple sintered ferrite
ceramic. In addition the metal matrix makes it possible to braze the material, making the assembly
of a sensor relatively simple. The material exhibits good sensitivity and should have high
corrosion resistance, while at the same time it is low in cost. © 2001 American Institute of
Physics. @DOI: 10.1063/1.1365598#
INTRODUCTION
The need for noncontact torque sensors has sparked con-
siderable interest in developing new magnetomechanical
sensor materials.1–5 Highly magnetostrictive materials, such
as Terfenol (Tb0.3Dy0.7Fe2),6 SmFe2,7 and other rare-earth–
iron compounds have been considered as candidates for such
applications. These materials have very high saturation mag-
netostrictions ~1000–3000 ppm!6 and might reasonably be
expected to have high sensitivity of the magnetization to
stress and therefore be suitable for magnetomechanical sen-
sor applications. Maraging steel has been considered an al-
ternative sensor material by Garshelis.2 Co-ferrite and metal-
bonded Co-ferrite composites have recently been investi-
gated by the authors as an alternative to existing materials
competing for use in automotive and other torque-sensing
applications. The materials are inexpensive and noncorrod-
ing, and the metal-bonded Co-ferrite composites are me-
chanically robust and can be attached ~e.g., by brazing! to
metal parts. They show a steep slope of the magnetostriction
at low applied fields, (dl/dH)s , which contributes to a high
sensitivity of the magnetic induction to stress, hence giving
high signal-to-background noise ratios in sensor applications.
This overview will report the investigation and compari-
son of several composites based on existing materials ~Table
I! and will discuss the design of a new composite material
appropriate for these applications. The objective of this work
was to develop a new type of magnetoelastic material with
high magnetomechanical coefficient dM /ds , relatively low
anisotropy and high shear strength, low cost, and good cor-
rosion resistance. This material was primarily designed for
automotive applications, as this is the area it may have the
most immediate impact. It may also be applied to other
torque-sensing applications. Automobile sensors are often re-
quired to operate under harsh environments such as tempera-
tures ranging from 240 °C to 150 °C. All ‘‘on board’’ sen-
sors are liable to be subjected to unexpected mechanical
shocks which can be as high as 500 newtons and vibration
levels of 150 newtons, and still be expected to function. The
design of automobile sensors also needs to take into account
that such sensors must function reliably for typically 10
years, or 100,000 miles, without intervention or failure. They
must not be susceptible to spurious inputs and should be
self-calibrating to compensate for short-term fluctuations or
long term drift in performance. In the case of torque detec-
tion this problem had not yet been adequately solved, but
there is a class of highly magnetostrictive magnetic materials
that seem ideally suited to meet these needs. The magneto-
strictive response of the material is well beyond the imme-
diate requirements for torque sensors for advanced steering
systems, but progress needs to be made in fabricating the
material with the necessary mechanical strength, and at an
acceptable cost. This work has explored the solutions to
these questions and has identified and developed a suitable
material for use in sensors for electronic control in advanced
steering systems.
The new material identified and developed in this work
will enable automobile manufacturers to move beyond the
current outdated and fuel inefficient hydraulic power steering
systems to advanced, electronically-operated power steering
assists. To achieve this a new type of sensor is required
which can reliably detect torque over the range 0–10 Nm
with an accuracy of 1%. U.S. automotive manufacturers have
calculated that electronic steering systems will lead immedi-
ately to a 5% improvement in fuel efficiency. This research
TABLE I. Magnetostriction, anisotropy and Curie temperature of selected
materials.
Material
l100 l111 ls K1 ,
103 J/m3
Tc ,
K1026
Iron ~Ref. 1! 21 221 47 1043
Nickel ~Ref. 8! 246 224 233 259 631
CoOFe2O3 ~Ref. 1! 2920* 180* 2260* 60* 793
TbFe2 ~Ref. 6! 1753 .1000 700
SmFe2 ~Ref. 6! 21560 676
Terfenol-D ~Ref. 8! 90 640 ;1000 60 650–700
*These values are sensitive to the exact stoichiometry, Co/Fe ratio and heat
treatments.
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will therefore directly help manufacturers to meet new U.S.
guidelines on improved fuel efficiency.
Some materials such as Terfenol have magneto-
mechanical sensitivity well beyond the requirements for
torque sensors that have been suggested by others.1,2 How-
ever, the materials do not meet the requirements for me-
chanical strength, corrosion resistance, and cost. In order to
meet these sensor specifications a significant degradation of
magneto-mechanical response is acceptable. One way to
achieve this is to produce a composite magnetostrictive ma-
terial, with the magnetostrictive material embedded in a rigid
matrix material having the required mechanical strength. Se-
lection of an appropriate matrix material also allows the cost
of the sensor to be reduced by limiting the amount of costly
rare earth material needed to fabricate a sensor.
Initially diluting the Terfenol with an iron matrix was
attractive because the presence of a high permeability matrix
could enhance the overall permeability of the material,
thereby improving the magnetomechanical response, and
iron powder is very inexpensive when compared to the Ter-
fenol it would be used to dilute. This idea was discarded both
because of problems arising from the reaction between the
iron matrix and the rare-earth metals when the powders were
sintered and also because of problems related to the differ-
ence between the elastic moduli of the component materials.
A number of alternative approaches were investigated in pre-
liminary research, but none of these proved completely sat-
isfactory. These included altering the chemical compositions
to reduce the chemical reaction between the magnetostrictive
particles and the matrix material, while still providing an
iron-based matrix after sintering. None of these approaches
resulted in materials with suitable magnetic properties. The
use of epoxy-bonded materials was also investigated, but
these did not have adequate mechanical properties. A num-
ber of different dilutants for the expensive Terfenol compo-
nent were also investigated. Finally metal-bonded cobalt fer-
rite was identified as a suitable choice for such sensors.
These materials have larger values of the derivative dl/dH
than Terfenol-based composites, even though the saturation
magnetostriction ls is lower than in Terfenol.
EXPERIMENTAL DETAILS
The Terfenol-based composites were prepared by blend-
ing powders in an argon atmosphere. The composition of
particles used in this study was Tb0.3Dy0.7Fe2, while the ma-
trix materials consisted of metal and glass ~soda–lime and
phosphate!, and resin. The metals were Fe, Cu, Al, or CeFe2.
Blended powder was poured into a 6 mm diameter die,
pressed at 1 to 3 kN under an inert argon atmosphere, and
heated at 10 °C/min to 300–900 °C, depending on the matrix
material. The load was removed and the material cooled to
ambient temperature while still under the argon atmosphere.
Cobalt ferrite was prepared by blending stoichiometric
amounts of fine, high-purity cobalt oxide and iron oxide
powders in a ball mill, then firing at 1100 °C for 72 hours in
flowing dry air to form the compound. The powder was then
milled to ,38 mm and blended with chosen ratios of submi-
cron metal powders ~Ag, Ni, Co!. These powder mixtures
were cold pressed into shapes and sintered at up to 1450 °C.
The resulting samples were typically cylinders 5 mm in di-
ameter and 10–15 mm long. The coercivity and saturation
magnetization were also measured on one of the samples.
The specimen of composition 98 vol% CoOFe3O312 vol%
Ag0.97Ni0.03 and dimensions 23234.5 mm was measured
along its long axis in a Quantum Design MPMS SQUID
magnetometer.
All magnetostriction data in the present work were mea-
sured using strain gauges. The samples were cut in cylinders
5 mm in diameter and 10 mm in length. Fine emery cloth
~600 grit! was used to abrade the side surface of each cylin-
drical sample. One flat side face 3.5 mm wide was obtained
for bonding with a strain gauge. Special adhesives were used
to secure a good contact between the sample and the gauges.
The magnetic field was applied parallel to the cylindrical
axis of the specimens, and the strain was measured along the
same direction as the field was cycled in order to change the
magnetization from positive saturation, through zero to nega-
tive saturation, then back through zero to positive saturation
again. The magnetic field was measured using a standard
Hall-effect probe. A maximum magnetic field strength of 2
MA/m was applied to saturate the samples.
A magnetic torque sensor test bed was developed as part
of the present investigation, and this was used to make the
magnetomechanical measurements under torsional strain.
The test bed provided pure applied torque with no associated
bending moment, from 210 Nm ~counterclockwise, CCW!
to 110 Nm ~clockwise, CW! using a computer-controlled
servo motor. The precision of the applied torque was 0.05
Nm. It was measured and monitored by a commercial
torque sensor. An applied magnetic field up to 62500 A/m
could be generated by a Helmholtz coil. The external mag-
netic field near the sample surface was measured by a Hall-
effect element, on a holder which could position it close to
the sample, with its plane either horizontal ~to measure the
axial field! or vertical ~to measure the circumferential field!.
In a typical measurement, the applied torque was
changed and the magnetic response measured. This included
either a change of the surface magnetic field or magnetic
induction of the specimen. Using the program, both major
loops ~either surface magnetic field versus torque or B versus
H!, as well as minor loops were measured. In a major loop,
the applied field H torque ~horizontal axis! only reversed
direction at its maximum magnitude, i.e., the applied field/
torque was increased from zero to the positive maximum,
then reversed to negative maximum and back to zero. One
major loop is referred to as a cycle. For minor loops, the
value of horizontal axis reversed its direction at intermediate
values.
Magnetomechanical torque response measurements were
performed at different temperatures, using a temperature-
controlled fluid bath. A stirring propeller was used to in-
crease the fluid circulation and improve the temperature ho-
mogeneity. The liquid was cooled by the cooling probe of a
commercial chiller. The lowest temperature of this chiller
was 280 °C. In order to obtain good fluid circulation, a fluid
with a low freezing point ~,250 °C! and low viscosity was
needed. An ethanol–water solution ~75 vol% ethanol 125
vol% water! was chosen. The sample could be cooled down
to 237 °C in 4 h. The changes of the external axial magnetic
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fields were measured as a function of applied torque ~torque
response! in the range of 237 °C to 23 °C.
Measurements between ambient temperature and 90 °C
were performed with the sample immersed in water heated in
a separate tank and circulated using a centrifugal pump. The
torque response was measured at each preset point before
heating to the next higher temperature. During each measure-
ment, the temperature was kept constant to within 60.2 °C,
which was monitored using two thermocouples. Finally, the
torque response was measured after the sample had cooled
back down to 22 °C.
In order to compare the temperature dependences be-
tween magnetomechanical hysteresis and M – H hysteresis,
M – H hysteresis loops were also measured in the tempera-
ture range from 240 °C to 100 °C, using the Quantum De-
sign MPMS SQUID magnetometer.
RESULTS
Terfenol-based composites
Terfenol-based composites were considered a potential
solution to lower the cost and to strengthen the material
while maintaining adequate magnetostriction. Considering
the chemical compatibility, a soda–lime glass matrix was
chosen to bond the Terfenol particles. The magnetostrictions
of this series of composites with different weight fractions of
Terfenol are shown in Fig. 1a. Compared with polycrystal-
line Terfenol, the composites exhibited much lower magne-
tostriction and particularly a lower d33 coefficient (dl/dH)
at low applied field. The presence of the second phase is
thought to enhance domain-wall pinning, thus inhibiting
magnetization changes and reducing the initial permea-
bility,8,9 while also reducing the volume fraction of material
contributing to the magnetostriction.
While the composites with soda–lime glass matrix ex-
hibited moderate saturation magnetostrictions ~70–120
ppm!, they appeared to be very porous and had inadequate
mechanical properties. They also required a relatively large
fraction ~40 wt.%–50 wt.%! of Terfenol to get acceptable
levels of magnetostriction ~.100 ppm!. Therefore, these ma-
terials are not considered ideal candidates for magnetostric-
tive sensor applications.
Ter f enol1resin . Subsequently, polymer ~resin! ma-
trix materials were investigated. Embedding the Terfenol in a
resin matrix can form a low-porosity composite that does not
degrade the magnetic properties of the Terfenol phase
through chemical reaction. The results are shown in Fig. 1b.
With 16–21 vol% Terfenol in those composites, saturation
magnetostrictions ranging from 200 to 250 ppm were mea-
sured. Nevertheless, the mechanical properties ~plastic defor-
FIG. 1. Magnetostriction of Terfenol composites in soda–lime matrix ~a!, in resin matrix ~b!, in Fe and NaPO3 matrix at low processing temperatures
~,600 °C! ~c!, and of several composites with equal volume fractions of Terfenol particles in different matrix materials ~d!.
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mation, creep, low tensile strength, low Young’s modulus! of
the resin are of questionable value for the application. Also,
field strengths higher than 2 MA/m were needed to achieve
the saturation magnetostrictive strains, which implies that
dl/dH at low field was still too small.
Ter f enol1NaPO3 glass . A series of samples with dif-
ferent volume fractions of Terfenol in the same matrix ma-
terial, NaPO3 glass, were measured.
Ter f enol1iron1NaPO3 glass . Samples were also
prepared with Terfenol in an iron1NaPO3 glass matrix. At
processing temperatures lower than 600 °C, adequate satura-
tion magnetostriction was obtained ~100–150 ppm!, but the
final samples were porous. The results of Fig. 1c show that
the magnetostriction increased with increasing volume frac-
tion of Terfenol. In order to improve the density of the com-
posites, the processing temperatures were increased to
900 °C. This process produced solid samples, but the mea-
sured magnetostrictions were as low as 10–15 ppm. One of
our hypotheses as to the reason for this concerned the differ-
ence in elastic modulus between the ~mostly Fe! matrix and
the magnetostrictive Terfenol.
In order to investigate the effect of the elastic modulus
of the matrix, a series of samples with a fixed volume frac-
tion ~10%! of Terfenol in matrix materials with different
elastic moduli were measured. Magnetostriction curves of
the series of composite materials are shown in Fig. 1a. The
matrix materials were: A~Fe1NaPO3!, B~Cu1NaPO3!,
C~Al1NaPO3!, D~CeFe21NaPO3!, and E~NaPO3!. The
magnetostriction of sample A was too low to be shown in the
same figure. The Young’s modulus of iron, copper, alumi-
num, NaPO3 glass, and CeFe2 are known to be 220, 110, 69,
50, and 30 MPa, respectively,10 compared to the Young’s
modulus of Terfenol, which is 30 MPa. These results show
that the magnetostriction of the composite material increased
with decreasing elastic modulus of the matrix.
Summary of magnetostriction of Terfenol-based composites
Based on the above results, it appears that the elastic
modulus of the matrix has a strong influence on the magne-
tostriction of magnetostrictive composites. The measured
saturation magnetostriction decreased from 90 ppm to a
value of 15 ppm in composites with matrices with different
elastic moduli. A higher elastic modulus was found to lead to
a lower magnetostriction.
Composites with NaPO3 glass matrix provided high
magnetostriction/Terfenol-fraction ratio together with good
mechanical properties. However, the initial piezomagnetic
coefficients dl/dH of all the Terfenol-based composites are
low. In addition, 30 vol% Terfenol is needed to obtain 200
ppm in NaPO3 glass matrix composites, and as a rare earth
intermetallic, the high content of rare-earth metal makes the
material expensive and extremely susceptible to corrosion.
Magnetostriction of cobalt ferrite and its composites
A search for a corrosion-resistant, inexpensive material
which matched the magnetic and mechanical properties
of Terfenol revealed that polycrystalline Co ferrite
(CoOFe2O3) exhibits high magnetostriction ~;200 ppm! at
room temperature. However, due to porosity11 and relatively
low fracture strength, its applications have been limited.12 In
order to overcome this problem, a study involving metallic
binders or sintering aids was undertaken. Ag/Ni, Ag/Co, or
Co was used in order to bind the ferrite together;13 Ag, which
has a low oxygen affinity, has the advantage of not chemi-
cally reducing the ferrite. However, Ag does not wet the
ferrite properly during fabrication. The addition of other el-
ements such as Ni or Co greatly enhances the wetting prop-
erties. This wetting improves the mechanical properties of
the Co ferrite by producing a stronger bond. However, the
presence of transition magnetic metals ~Co/Ni! could also
change the magnetic properties of the Co-ferrite composite
by changing either the transition metal or oxygen content of
the material.
The maximum magnetostrictions of Co ferrite and se-
lected metal-bonded Co-ferrite composites are listed in Table
II. While some of the metal-bonded composites have lower
peak magnetostrictions than pure CoOFe2O3, they generally
offer better mechanical properties, with fracture strength
higher than 69 MPa ~10 ksi!. Co ferrite, being an oxide, has
the additional advantage of excellent corrosion resistance.
The piezomagnetic coefficient ~slope of the magneto-
striction curve, (]l/]H)s , at low field! is another important
parameter of magnetostrictive materials, especially for sen-
sor applications.10 Magnetostriction curves are shown in Fig.
2 for a series of 98 vol% Co ferrite12 vol% Ag12xNix for
TABLE II. Magnetostriction of CoOFe2O3 and various composites bonded
with metals.
Composition
Maximum
magnetostriction,
ppm
100% CoOFe2O3 2225
2/98 vol % Ag0.1Ni0.91CoOFe2O3 2168
2/98 vol % Ag0.5Ni0.51CoOFe2O3 2195
2/98 vol % Ag0.8Ni0.21CoOFe2O3 2210
2/98 vol % Ag0.97Ni0.031CoOFe2O3 2233
2/98 vol % Ag0.98Ni0.021CoOFe2O3 2205
1 vol % Co1CoOFe2O3 2155
2 vol % Co1CoOFe2O3 280
5 vol % Co1CoOFe2O3 225
FIG. 2. Magnetostrictions of 98 vol% Co ferrite12 vol% Ag12xNix for vari-
ous values of x. 100% Co ferrite is shown for comparison.
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various values of x. A magnetostriction curve for 100% Co
ferrite is shown for comparison. With careful adjustment of
the composition of the metal fraction of Ag/Ni ~97% Ag and
3% Ni!, higher low-field piezomagnetic coefficients were ob-
tained, together with peak magnetostrictions comparable to
that of Co ferrite.
Magnetostriction curves of another series of Co-ferrite
composites (CoOFe2O31Co) are shown in Fig. 3. While
these composites have lower peak magnetostriction than pure
CoOFe2O3, some of them exhibit higher initial piezomag-
netic coefficients dl/dH . The results show that the satura-
tion magnetostriction decreased as the Co volume percentage
increased from 0 to 5%, while the Co additive increased the
sensitivity to magnetic field, dl/dH .
In order to analyze the magnetostriction properties of
metal-bonded Co-ferrite composites, the hysteresis loops
were measured. The metal-bonded Co-ferrite composites
generally exhibited coercivities in a range of 6–8 kA/m. This
was much lower than that ~160 kA/m! reported for Co
ferrite.14–16 The bonding metal may make it easier to nucle-
ate reverse magnetic domains at the surface of the Co-ferrite
particles, either by reacting with the ferrite and producing
regions of reduced anisotropy, or by producing regions of a
second magnetic material with lower anisotropy ~e.g., Ni or
Co! at the surface. From the magnetostriction point of view,
this will increase the initial permeability, the initial piezo-
magnetic coefficient, and hence the sensitivity to stress. At
the same time, the maximum magnetostriction of the com-
posites is observed to decrease with increasing amounts of
Co in the bonding metal, or increasing Ni in the Ag/Ni bond-
ing metal mixture. There are two possible mechanisms at
work here. First, the Co or Ni could diffuse into the Co
ferrite, changing the stoichiometry and thus the magneto-
striction. Although the literature references on this effect are
limited, Co-rich Co ferrite is reported to have lower magne-
tostriction and magnetic anisotropy.17 One would also expect
that addition of Ni to Co ferrite would also lower the mag-
netostriction. As the magnetostriction is also dependent on
the porosity and the mechanical strength of the bonding of
the composite, it is possible that the changes in magnetostric-
tion result from the mechanical properties of the composites.
Comparison of magnetostriction in Terfenol-based and
cobalt-ferrite composites
For soft magnetic materials, the presence of a nonmag-
netic second phase normally hinders the magnetization pro-
cesses and decreases the piezomagnetic coefficient dl/dH in
low fields. However, the metal-bonded cobalt-ferrite com-
posites appeared to have lower coercivity than the pure sin-
tered ferrite. This was attributed to the fact that both nickel
and cobalt change the stoichiometry of the ferrite, and in
particular the Co/Fe ratio, and thereby decrease the anisot-
ropy of CoOFe2O3 ~Ref. 18!. The magnetostriction of
a typical Co-ferrite composite with a composition of
98vol% CoOFe2O312vol% Ag0.97Ni0.03 was comparable in
magnitude to that of a Terfenol-based composite with
30 vol% Terfenol170 vol% NaPO3 ~Fig. 4!. CoOFe2O3 is
known to have a cubic spinel crystal structure with magnetic
easy axes along the d directions. The magnetostriction coef-
ficients l100 and l111 have opposite signs, and the easy-axis
magnetostriction coefficient l100 is approximately 5 times
the magnitude of l111 ~Ref. 19!. The measured magnetostric-
tion of the CoOFe2O3 reaches its peak values at relatively
low field ~200–300 kA/m!, then decreases with increasing
field, as the magnetization of the particles first changes di-
rection by 90°-domain-wall processes and then is rotated
away from the easy directions.
This maximum at low applied field contrasts with that of
the Terfenol-based composites, which saturate only at very
high applied fields ~23106 A/m or larger!. Co ferrite and its
metal-bonded composites at low applied fields ~,100 kA/m!
also have strain derivatives (dl/dH)s of typically 1
31029 A21m, which are comparable to those of polycrys-
talline Terfenol20 and much larger than those of Terfenol-
based composites, which typically had values of 0.2
31029 A21m.
The magnetostriction together with mechanical and cor-
rosion properties of polycrystalline Terfenol, pure Co ferrite,
Terfenol-based composites, and metal-bonded Co-ferrite
composites are compared in Table III. Although single-
crystalline and polycrystalline Terfenol can provide even
higher magnetostriction ~1000–2000 ppm!, its cost is much
higher than Co-ferrite composites. Furthermore, the me-
FIG. 3. Magnetostriction of Co-ferrite composites bonded with various
amounts of Co additive.
FIG. 4. Comparison of magnetostrictions of Co-ferrite composite and
Terfenol composite.
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chanical and corrosive properties could not meet the require-
ments for sensor applications. The Terfenol-based compos-
ites studied in the present work lowered the cost and
improved the mechanical properties. However, the low pi-
ezomagnetic coefficient dl/dH implies low stress sensitivity
for torque sensing. Metal-bonded Co ferrite exhibits the op-
timum combination of sufficient magnetostriction, high pi-
ezomagnetic coefficient, very good mechanical properties,
corrosion resistance, and low cost. The prime characteristics
of this series of materials appear promising for magnetome-
chanical sensing and actuating applications.
Magnetomechanical-effect measurements
Selected compositions were pressed and sintered in the
form of rings that were brazed onto stainless steel shafts. The
response to torque was measured using the magnetic torque
sensor test bed. All samples were magnetized circumferen-
tially to remanence before the torque response was tested. To
achieve this, the ferrite rings were rotated in the fringing
field of a narrow-gap ~1 mm! electromagnet while the field
was decreased from 160 kA/m to zero. After the rings were
magnetized circumferentially, the changes of the external
axial magnetic fields at points close to the surface at the
midpoint along the axis were measured as a function of ap-
plied torque in different routines ~major, minor loops!.
Magnetomechanical effects in cobalt-ferrite composites
under torsional stress
Major loops. Two compositions of metal-bonded
Co-ferrite composites were considered primary candidates
for torque sensing applications. The composition
98 vol% CoOFe2O312 vol% Ag0.97Ni0.03 exhibits the high-
est peak magnetostriction ~230 ppm! and the highest initial
piezomagnetic coefficient of the series bonded with
Ag12xNix , while the composition 99 vol% CoOFe2O3
11 vol% Co exhibits the highest initial piezomagnetic coef-
ficient (231029 A21m!. Several samples were sintered in
the shape of rings with different height/diameter ratios, and
were then brazed onto stainless steel shafts. The performance
of the former composition exhibited better stability due to its
better brazability ~bonding strength and uniformity! with
stainless steel shafts.
The axial surface magnetic field of the prototype sensor
was measured as a function of applied torque. Among those
prototype sensors, the sample with dimensions of 25 mm
OD, 12.5 mm ID, and 10 mm high offered the best perfor-
mance ~high sensitivity and low hysteresis!. The perfor-
mance of this prototype sensor is shown in Fig. 5.
In this study, magnetomechanical sensitivity dHa /dt is
defined as the slope of the linear portion of the axial field
versus torque plot, and the magnetomechanical hysteresis as
half of the width in Nm of the major loop when DHa is
zero. The magnetomechanical sensitivity was 65
AN21m22, with a hysteresis of 60.5 Nm within a major
loop of 610 Nm. The precision of the Hall probe is taken as
0.8 A/m. A sensitivity of 65 A/m per Nm provides a suffi-
cient signal-to-noise ratio.
Except for the magnetomechanical hysteresis, the proto-
type sensor showed better performance than Ni rods. Signifi-
cantly, it gave higher sensitivity, better repeatability, and a
wider torque range. The remanence of nickel depends on the
residual stress, which is not repeatable and its coercivity is
small ~1600 A/m as machined, 130 A/m annealed!. On the
other hand, the Co-ferrite composite ~coercivity ;8 kA/m! is
magnetically much harder than Ni, and thus the remanence
state is much more stable. In addition, the circumferential
magnetization direction is the preferred direction because it
has low magnetostatic energy. Due to strong domain-wall
pinning in Co ferrite, domain-wall bowing dominates the
magnetization processes under torque. Thus the magnetic
field near the surface of a Co-ferrite ring sample did not
TABLE III. Comparison of Terfenol, Terfenol composite and Co-ferrite composite.
FIG. 5. Torque test of Co-ferrite composite (98vol% CoOFe2O3
12 vol% Ag0.97Ni0.03! ring.
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decay after a few torque cycles. The hysteresis of the torque
response mainly comes from the anisotropy and local varia-
tions of magnetic properties.
Minor loops. For practical applications, minor loops
~i.e., change in direction of torque at an arbitrary value rather
than at the maximum of the range! occur much more fre-
quently than a major loop, in which the torque just changes
its direction at maximum torque values ~610 Nm!. In the
present study, a particular set of minor loops was chosen for
measurement. The measurement consisted of 20 minor loops,
starting from 210 Nm, then cycled with a step size of 1
Nm, and finally ended at 10 Nm. The results are shown in
Fig. 6. The response of the surface magnetic field from the
most recent torque reverse point returned to the major loop
after 1 Nm.
Temperature dependence of magnetomechanical effects in
cobalt ferrite under torsional stress
The results of torque tests at 237 °C, 22 °C, and 80 °C
are shown in Fig. 7a–c. The temperature dependence of the
magnetomechanical sensitivity and the magnetomechanical
hysteresis over the range 237 °C to 90 °C are plotted in Fig.
8. The magnetomechanical sensitivity decreased from 78
AN21m22 at 237 °C to 65 AN21m22 at 22 °C and to 34
AN21m22 at 90 °C. It decreased approximately linearly
with increasing temperature as shown in Fig. 8. The decrease
in sensitivity was 56% ~on average, 0.4% per °C!. The mag-
netomechanical hysteresis also decreased from 61.8 Nm to
60.62 Nm as the temperature increased from 237 °C to
22 °C and to less than 60.1 Nm at 60 °C. Over the range
237 °C to 60 °C the hysteresis decreased linearly with tem-
perature, giving a decrease of 0.02 Nm per °C ~on average,
1% per °C!. Interestingly, the magnetomechanical hysteresis
remained close to zero as the temperature increased beyond
60 °C, giving a magnetomechanical response dHa /dt that
was linear and reversible.
The torque response was also measured after the sample
had been heated to 90 °C and cooled back to 22 °C. The
sensitivity and magnetomechanical hysteresis were 48
AN21m22 and 60.6 Nm, respectively. As a result of ther-
mal cycling the sensitivity had decreased by about 26%,
while the magnetomechanical hysteresis returned to its ear-
FIG. 6. Minor loops of the torque test. The measurements started from 210
Nm and then cycled with a step size of 1 Nm. After completing every
cycle, the torque was increased to the next cycle. The overall gradient of the
curve is dH/dt5264 A/m per Nm.
FIG. 7. The magnetomechanical torque responses at three typical tempera-
tures T, °C: 237 ~a!; 22 ~b!; 80 ~c!.
FIG. 8. Temperature dependence of the magnetomechanical effect of the
ring-shaped Co-ferrite composite under torsional strain in the temperature
range of 237 °C to 90 °C. The circles represent magnetomechanical sensi-
tivity and the squares represent magnetomechanical hysteresis.
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lier value. These results showed some significant thermal
hysteresis in the sensitivity, while the magnetomechanical
hysteresis appeared to be unaffected by thermal cycling.
M – H hysteresis loops were measured over a similar
temperature range as the magnetomechanical response. The
coercivity, remanence, and saturation magnetization, de-
creased with temperature in the range from 240 °C up to
100 °C, as shown in Fig. 9. The coercivity changed from
14.4 to 4.4 kA/m ~a total of 69%, or 0.5% per °C!, the rem-
anent magnetization changed from 70 to 26.5 kA/m ~a total
of 62%, or 0.44% per °C!, and the saturation magnetization
changed from 445 to 387 kA/m ~a total of 13%, or 0.09% per
°C!.
DISCUSSION
Only a few previous studies have reported any results on
the temperature dependence of the magnetostriction or an-
isotropy of Co ferrites.16,19,21 Due to the fact that the magne-
tizations of the sublattices of ferrites have opposite signs and
different temperature dependence, the temperature depen-
dence of the magnetic properties of ferrites, such as satura-
tion magnetization and anisotropy can be complicated.13
Metal-bonded Co-ferrite composites are even more complex
systems due to the metal additives and different processing
from pure Co ferrite.20 The temperature dependence can be
explained by the changes of magnetostriction, anisotropy,
spontaneous magnetization and pinning of domain walls
caused by the availability of increased thermal energy.
It is known that the sensitivity of the magnetomechanical
effect is related to magnetostriction.22 The temperature de-
pendence of the magnetostriction was investigated by
Guillaud,16 where it was reported that Co ferrite exhibited
magnetostrictions of 2270, 2190, and 2110 ppm at 2196,
280, and 20 °C, respectively. The magnitude of the magne-
tostriction decreased approximately linearly from2196 °C to
room temperature, with an average decrease of the magneto-
striction of 0.4% per °C. The change of the magnetostriction
plays an important role in the temperature dependence of the
magnetomechanical effect. A decrease in magnetostriction
with increasing temperature indicates a decreasing magneto-
mechanical coupling strength, which could cause a decrease
in magnetomechanical response with increasing temperature.
Although the Curie temperature of Co ferrite is 520 °C,
the saturation magnetization decreases significantly as the
temperature increases in the temperature range of 240 °C to
100 °C, from about 490 to 427 kA/m ~which is equivalent to
490–427 emu/cc or 85–75 Gausscm3/g!.13 Our experimen-
tal results confirmed that the metal-bonded Co-ferrite com-
posite exhibits the same behavior. This effect, which is due
to the magnetic moments on different lattice sites changing
differently with temperature, also caused part of the decrease
with increasing temperature of the remanent magnetization
of the ring-shaped ferrite composite. This effect was revers-
ible.
The temperature had another effect on the remanent
magnetization when the temperature was raised: specifically
it caused partial thermal demagnetization of the sample
through release of domain walls from pinning sites. This
effect was irreversible. The component of remanence de-
crease due to the reversible processes at higher temperatures
was regained as the sample was cooled back to 22 °C, while
that component of remanence due to the irreversible process
was not regained. Therefore, the thermal energy has only a
reversible effect on the measurements at temperatures lower
than ambient temperature while having both reversible and
irreversible effects on the measurements at temperatures
higher than ambient temperature. Hence, in situations where
the measurement depends on M R , the sensitivity will be de-
pendent on the thermal history since the sample was last
magnetized.
It is known that torsional stresses on a rod or a ring can
be considered to be composed of biaxial stresses, in which
the two stress axes are perpendicular to each other and at 45°
to the axis of torsion.23 The change of axial field is caused by
the magnetization of the Co-ferrite ring rotating towards the
compressive stress direction.12 Therefore, the magnetome-
chanical hysteresis mainly comes from the anisotropy of the
ferrite composite. From the existing literature it was found
that the anisotropy of CoOFe2O3 decreased as the tempera-
ture increased. The coefficient K1 is 90 KJ/m3 at 90 °C, 6.6
KJ/m3 at 200 °C, and is negligible at 280 °C.23 The coercivity
of the metal-bonded Co-ferrite composite of the present
study, which would depend strongly on anisotropy, was like-
wise observed to decrease linearly as the temperature in-
creased from 240 to 100 °C. Thus the temperature depen-
dence of the magnetomechanical hysteresis is caused
principally by the temperature dependence of the anisotropy.
The metal additives ~Ag/Ni! and the bonding treatment of the
Co-ferrite composite could also change the anisotropy and
the temperature dependence of the anisotropy. The coercivity
~;8 kA/m!, which is mainly determined by the anisotropy of
the present metal-bonded Co-ferrite composite, is much
lower than that reported for Co ferrite at 22 °C ~;160
kA/m!.16–18
It is interesting to note that the magnetomechanical hys-
teresis effectively disappears above 60 °C, while a sufficient
sensitivity still exists at that temperature to give a good
signal/noise ratio ~about 50 AN21m22!. Therefore, it is
possible to adjust the temperature dependent anisotropy of
Co-ferrite composites by adjusting the levels of metallic ad-
FIG. 9. The temperature dependence of the coercivity, remanent magneti-
zation, and saturation magnetization of metal-bonded Co-ferrite composite.
The saturation magnetization, remanent magnetization, and coercivity are
normalized by their values at 240 °C.
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ditives ~Ag/Ni/Co! in order to obtain linear torque response
at room temperature.
SUMMARY
Metal-bonded Co-ferrite composites have been fabri-
cated. These have a combination of saturation magnetostric-
tion in excess of 200 ppm and coercivity of about 8 kA/m,
which together give a high initial piezomagnetic coefficient,
(]l/]H)s of 1.31029 A21m. This is comparable to that of
polycrystalline Terfenol22 and much larger than in Terfenol-
based composites consisting of 30 vol% Terfenol and 70
vol% NaPO3, which had (]l/]H)s values of typically
2310210 A21m. The magnetomechanical effect under tor-
sional stress measured at room temperature shows that the
changes of surface axial magnetic field in response to applied
torque were as large as 65 AN21m22, with only a small
hysteresis of 60.5 Nm. In addition, the metal-bonded com-
posites are mechanically robust, corrosion-resistant, and can
be brazed to shafts. Metal-bonded Co-ferrite composites
therefore appear to be prime candidates for practical magne-
tomechanical torque sensors in the range of 610 Nm, and
for other magnetomechanical sensing and actuating applica-
tions.
The temperature dependence of the magnetomechanical
effect under torsional strain in metal-bonded Co-ferrite com-
posite was investigated. The sensitivity changed from 78
AN21m22 at 237 °C to 34.2 AN21m22 at 90 °C while
the magnetomechanical hysteresis decreased from 61.8 Nm
at 237 °C to negligible above 60 °C. The effects of tempera-
ture on the magnetomechanical effect under torque at rema-
nence can be described in terms of four processes: changing
magnetostriction, changing anisotropy, changing spontane-
ous magnetization, and releasing the pinning sites of domain
walls. Metal-bonded Co-ferrite composites show a capacity
for linear magnetomechanical response to torque which can
be achieved by changing the temperature dependence of the
anisotropy through the use of metallic additives.
These materials have been shown to have sufficient mag-
netoelastic response ~specifically the dynamic range of re-
sponse that is available as a result of having greater than 200
ppm magnetotostriction and a large strain derivative in ex-
cess of 131029 A21m! for certain types of torque sensors
and other magnetostrictive sensing and actuating applica-
tions.15 In addition, the materials have adequate mechanical
properties ~fracture strength .69 MPa! and corrosion resis-
tance for the application. However, little was known about
the temperature dependence of the magnetomechanical re-
sponse in these materials.
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